Knowledge of baculovirus-insect host interactions at a genome-scale level is important for developing a number of baculovirus-based applications, but the gathering of such knowledge is hindered by the lack of genomic sequences in most insect hosts. In this study, expression kinetics of 24,206 Helicoverpa zea insect transcripts and 134 Helicoverpa armigera nucleopolyhedrovirus (HearNPV) genes at 0, 12, 24 and 48 h postinfection (hpi) were simultaneously analyzed using microarrays, which were developed from sequences obtained by deep transcriptome sequencing. Host genes in pathways important for infection such as those for energy generation, anti-viral peptides, apoptosis, detoxification, DNA polymerase activities, RNA polymerase activities, translation initiation, protein processing and cell cycle arrest were identified. Differential expression was linked to changes in the number of intracellular and extracellular viral genomes and occlusion bodies. The first comprehensive elucidation of HearNPV-H. zea expression kinetics was obtained.
Background
Baculovirus-based insect cell technology is widely used for the production of complex eukaryotic proteins, veterinary and human vaccines, and biopesticides (Roy, 2004; Kost et al., 2005; Mena and Kamen, 2011; Crisci et al., 2012) . In addition, baculovirus transduction into mammalian cells is increasingly efficient and targeted, which is promising for gene therapy applications such as cancer therapy Luo et al., 2011) .
Cell-virus interactions make baculovirus-based manufacturing processes inherently complex. Interactions between host and virus are bidirectional with insect host defense responses being countered by viral responses (Ikeda et al., 2013) , and involve a large number of genes, pathways and cellular processes (Monteiro et al., 2012) . Over 3000 host genes were up-regulated at 6 h after AcMNPV infection of Spodoptera frugiperda 21 (Sf21) cells (Salem et al., 2011) , while a wide array of cellular processes (including regulation of transcription and translation, cytoskeleton rearrangement, endocrine modulation, digestion, and maintenance of actin cytoskeletal integrity) were altered post-infection in EppoNPV-infected Epiphyas postvittana moths (Gatehouse et al., 2009 ).
For comprehensive elucidation of virus-insect cell interactions, the genome-wide expression profile needs to cover not only the viral genes but also all or at least most of the insect genes. Systems level studies using high throughput omics technologies are strongly recommended (Monteiro et al., 2012) , but their adoption have been hampered by the scarcity of genomic information. Earlier array studies only investigated virus genes, totaling 80-180 in number (Yamagishi et al., 2003; Jiang et al., 2006) , while more recent studies analyzed a partial set of insect genes, based on EST sequence libraries, which represent approximately 5000-10,000 genes (Gatehouse et al., 2009; Giraudo et al., 2011; Salem et al., 2011) . Bombyx mori is the dominant Lepidopteran host for baculovirus-insect expression studies (Xia et al., 2007; Bao et al., 2009 Bao et al., , 2010 Sagisaka et al., 2010) , since it is the only insect in this order with a completely sequenced genome (Xia et al., 2004) . Two studies performed in 2010 found that 35 or 637 genes, respectively, were up-regulated in B. mori cells at an early stage of infection with BmNPV (Bao et al., 2010; Sagisaka et al., 2010) . Neither study considered viral gene expression, thus it is unclear if the samples were collected at the same stage of infection.
Next generation sequencing technology facilitates more comprehensive gene expression analysis of baculovirus-host interactions. In principle, simultaneous exome reconstruction and expression analysis is possible but cost remains prohibitive. A study of AcMNPV infection of Spodoptera exigua larvae compared single infected and mock-infected larvae samples at a single data point (Choi et al., 2012) . The study produced 6000 contigs with an average length of 667 bp and identified 201 up and 234 downregulated host genes at 12 hours post-infection. In contrast, a study of BmNPV in B. mori constructed a reference sequence library from a common library for 8 time points and next used it to analyze digital gene expression libraries at the 8 points (Xue et al., 2012) . The reference library contained nearly 25,000 sequences with a mean length of 1000 bp, while the digital expression library provided quantitative analysis across 8 data points.
The current study considers Helicoverpa zea cell cultures infected with Helicoverpa armigera nucleopolyhedrovirus (HearNPV). HearNPV is the most studied of the group II alphabaculoviruses (Jehle et al., 2006) and is particularly important as a biocontrol agent against the highly destructive and globally-distributed Heliothine insect pest complex (Szewczyk et al., 2006 (Szewczyk et al., , 2009 Kambrekar, 2009; Nguyen et al., 2011) . Using next generation sequencing, we recently constructed a detailed H. zea exome (Nguyen et al., 2012) and the current study describes the use of a species-specific microarray platform to monitor changes in all 134 HearNPV virus genes and over 85% of all H. zea insect genes, in biological duplicates, at four different time-points.
Spike-in normalization was implemented to compensate for changes in total gene expression over time. Expression changes were then linked to the kinetics of virus production to obtain biological insights for in vitro baculovirus production. This study is the first to investigate the systemic infection kinetics of a group II alphabaculovirus (HearNPV), and the first to report the genomescale response of the H. zea host to a baculovirus infection.
Results

Total mRNA production during infection
Total mRNA content changes both quantitatively and qualitatively during BmNPV infection in B. mori (Xue et al., 2012) . The same was observed for HearNPV infection of H. zea (Fig. 1) . The microarrays were prepared with the same amount of total RNA and ribosomal RNA is assumed to be by far the most abundant and relatively invariable. The microarray only detects the mRNA content; hence the cumulative microarray signal is a measure of total mRNA content. Cumulative microarray signal intensity from insect host probes declined over time whereas the cumulative intensity for virus probes increased.
At an early infection phase (12 hpi), the total mRNA level of the host was 4.4-fold higher than that of the virus (Fig. 1) . In contrast, at the later infection periods of 24 and 48 hpi, the total mRNA levels of the virus were 2.6-fold and 10.5-fold higher than those of the host, respectively. Hence, the overall outcome of the HearNPV-H. zea infection was an increase in the mRNA production by 70% at 24 and 48 hpi compared to the total mRNA at 0 hpi. Host mRNA was still detected at 48 hpi, but the level of host transcripts was only 8.6% of the total mRNA present at this time.
The heatmap and boxplot of the insect mRNA expression profile in Fig. 2 , indicates a general down-regulation of most insect genes, especially at 24 and 48 hpi. Despite the global shut-off pattern, the Fig. 1 . Comparison of total mRNA levels originating from the virus (HearNPV) or the insect host (H. zea) at different time-points post-infection. The total signal was the sum of signals from all virus and insect probes present in the 8 Â 60K Agilent slide, which contained 8 arrays for 4 time-points with biological duplicates. For the insect or virus signals, two data points are shown for each time-point (biological replicates), and each line connects the average of the two replicates. The sum of total virus signal and total insect signal is shown as one data point for each time-point. Fig. 2 . mRNA expression kinetics of the insect host (H. zea) genes. (A) Signals for 5000 genes randomly selected from 24,393 genes at four different time-points are shown in the color-coded heatmap as biological duplicates. The heatmap was constructed using R and was clustered by Hierarchal method with Euclidean distance and average linkage options. (B) A box plot for 12 datasets containing signals for all insect genes in 12 samples. Besides 8 datasets from the 8 Â 60K slide, the box plot also contained two uninfected samples, and two infected samples at 18 hpi from the 4 Â 180K slide. See the methods section for further explanation of the slides used. heatmap shows that there were genes that had higher expression levels at 48 hpi than at earlier times. Furthermore, we compared the current data with data from a related study reported in Nguyen et al. (2012) . In the previous study, two uninfected samples and two H. zea-H. armigera infected samples at 18 hpi using the same infection conditions as used in this study were analyzed by an Agilent 4 Â 180K microarray. The data for the two infected samples at 18 hpi from the previous study were compared to the data in the current study. The level of transcripts for the uninfected samples was similar to that for the 0 hpi time point in this study, and the level for the 18 hpi time point was close to that of the 12 hpi time point and lower than that at 0 hpi for the current study. This demonstrates the reproducibility of the microarray experiments, in which un-normalized data from two different Agilent array formats, a 4 Â 180K in the previous study and a 8 Â 60K in this study, processed at two different time points for different samples compared well to each other. Even though the information from 18 hpi was comparable and interesting, to ensure a stringent analysis with minimum inter-array variation we only used the data for the 18 hpi time point in two particular analysis as presented later in the results section and as further explained in the discussion section.
Normalization of microarray for baculovirus-insect system using spike-in controls Most microarray normalization methods rely on the assumption that the total RNA is unchanged between different samples, which is not the case for the baculovirus-infected insect cell system. The traditional Quantile normalization method resulted in unexpected changes in data distribution, especially at the late infection period (Fig. 3f) . At the 48 hpi time-point, insect genes were shown to be mostly down-regulated (23,189 down-regulated genes) prior to data normalization (Fig. 3d) , while they were shown to be quite evenly split between up-regulated and downregulated regions (6514 up and 9008 down) if Quantile normalization was applied (Fig. 3f) . Furthermore, most of the spike-in control genes in the latter case became up-regulated, which strongly suggests that this normalization method over-estimates the proportion of up-regulated genes at 48 hpi.
On the other hand, an alternative normalization method based on the spike-in controls, as described in the method section, maintained the distribution pattern of the dataset, and also improved the distribution of the spike-in controls closer to the M¼0 line (Fig. 3b, e) . One example of the improved correction is that the un-normalized dataset had one virus gene that was upregulated at 0 hpi (shown by the arrow in Fig. 3a) , which was an unlikely event. However, this virus gene was shifted to the downregulated region after applying the alternative normalization procedure (shown by the arrow in Fig. 3b ), which indicated that the latter is a reasonable approach towards data normalization.
Insect genes-number of differentially expressed genes at different time-points Fig. 4 shows the number of differentially expressed insect genes at each time-point tested, after the application of either spike-in control or Quantile-based normalization, which produced contrasting patterns. The number of up/down-regulated genes obtained via Quantile normalization did not make biological sense, Fig. 3 . Normalization methods and an overview of the differential expression of insect (H. zea) and virus (HearNPV) genes. MA plot comparisons of changes in insect and virus genes before (a, d) and after normalization by using spike-in controls (b, e) or by using Quantile normalization (c, f) at 0 hpi and 48 hpi. The two axes of the MA plot show: the average log 2 signal of all arrays (A) and the ratio between the signal at a time-point to the average signal of all five time-points (M). For example, a gene with a high A value and a low M value at 0 hpi means the average value of signals for that gene at five time-points is high, but the signal at 0 hpi is low compared to the average value. Insect genes are shown as ♦ (colored 'purple'), spike-in controls as ▲ (colored 'red'), and virus genes as • (colored 'blue').
since the number of up-regulated genes kept increasing as the infection proceeded and reached a highest level at a very late stage of infection (6514 up-regulated genes at 48 hpi). On the other hand, the spike-in normalization showed that at 48 hpi, a small portion of the total genes, less than 2%, were up-regulated genes, while 96% of all genes in the array at this time were significantly down-regulated. Therefore, spike-in normalization was used for all subsequent analysis. Fig. 4 also displays an interesting trend in the number of genes that were unchanged. Fig. 4 shows a large reduction of unchanged genes from 12 hpi (57% of the total genes) compared to those from 24 hpi (18% of the total genes) and 48 hpi (3.5%). Therefore, an additional data point at 18 hpi was useful to evaluate the transition from a state with mainly unchanged genes to a state where most genes were down-regulated. The data at 18 hpi (available from the 4 Â 180K array discussed above, at the far right of the figure) , shows that the number of unchanged genes at 18 hpi was high, over 12,000 genes, similar to that at 12 hpi. Therefore while half of the total number of genes were not changed at 12 hpi and 18 hpi, the proportion of unchanged genes was markedly reduced to only approximately 20% at 24 hpi. This was consistent with the low level of viral genome numbers shown by quantitative real time PCR at 12 hpi and 18 hpi time-points, as discussed in later sections. The significant reduction of host mRNA therefore occurred at the time from 18 hpi to 24 hpi after the complex process of virion synthesis was in place.
H. zea insect cells up-regulated 291, 305 and 188 genes at 12, 24 and 48 hpi, respectively Fig. 5A ). As shown in Table 1 , of these upregulated genes from 12 to 24 hpi, over 120 genes were expressed from 2 to 5 fold higher than their expression at 0 hpi. From 24 to 48 hpi, compared to 0 hpi, there were 11 or 12 genes (0.02-0.05%) that increased over 20 fold, and 8-11 genes expressed from 10 to 20 fold higher. During the infection, 24-28 genes were expressed from 5 to 10 times higher than at 0 hpi. For down-regulated genes, the number of genes that reduced by more than 5 fold, was markedly higher at 48 hpi (over 75%), than those at 24 hpi (less than 4%). This again suggests that the virus infection process allows many of the host genes to remain active for the first 24 hpi. Notably, although the number of down-regulated genes at 12 hpi was high, less than 8% of the genes decreased more than 2 fold (Table 1 ). Among the top 5 genes that were most up-regulated at 24 and 48 hpi, the mRNA levels for E3 ubiquitin protein ligase, serine palmitoyltransferase, histone acetyltransferase and enhancer of polycomb homolog were increased by 40-100 times (Supplementary Table S2 ).
The heatmap in Fig. 5B demonstrates that although most genes were down-regulated at 48 hpi, there were a number of genes that were up-regulated at this time-point. 61% of these genes were also over-expressed at 24 hpi (Fig. 5A , 115 genes up-regulated at both 24 and 48 hpi). Interestingly, despite the global down-regulation trend, there were more genes up-regulated over 20 fold at 24 and 48 hpi than at 12 hpi, which only had 1 gene up more than 10 fold but less than 20 fold (Table 1) .
A Venn diagram method was applied to investigate insect genes that were up-regulated at various combinations of time-points (Fig. 5A ). It can be seen that 19 genes were consistently upregulated at all time-points, including those involved in energy metabolism (e.g. glyceraldehyde-3-phosphate dehydrogenase increased by 2-5 fold), NADPH/NADH balance maintenance and protection from reactive oxygen species (e.g. NAD(P)H quinone oxidoreductase increased by 2-5 fold), protein folding processes (e.g. heat shock protein 70 increased by 2-3 fold) and transcriptional regulation (e.g. DNA directed RNA polymerase subunit Beta and Zinc finger transcription factor protein draculin increased by 2-3 fold), (Fig. 5A , Table 2 ). Most notably, six of these 19 genes had a putative functional domain related to RNA-directed DNA polymerase (changed 2-9 fold), which was consistent to findings by Breitenbach et al. (2011) . A similar Venn diagram was also constructed for the down-regulated insect genes (Fig. 6A ). Over 10,000 genes were down-regulated at each time-point, of which 9813 genes were found to be consistently down-regulated at all 12, 24 and 48 hpi. The DAVID functional annotation tool (http:// david.abcc.ncifcrf.gov/) was used for functional interpretation of the down-regulated genes, by including the top 3000 genes most down-regulated at a time-point as a gene list to be tested (downregulated from 1.9 to 12.4 fold for 12 hpi, 3.1 to 45.5 fold for 24 hpi, and 16.1 to 216.0 fold for 24 hpi), and using the entire gene dataset as the background. In this way, the Notch signaling pathway, which is important for G2/M transition, was found to be among the most enriched and was consistently suppressed at 12, 24 and 48 hpi (Table 3 ). Venn analysis of the 200 most down-regulated genes (genes with expression decreased more than 3.1 fold for 12 hpi, 8.4 fold for 24 hpi, and 47.7 fold for 48 hpi) showed that 60 genes were common to all time-points tested (Fig. 6B) , the most Counts of all genes that were identified as significantly different (with p o 0.05) using linear models with empirical Bayes analyses in the LIMMA package (Smyth, 2004) are shown for each time-point. The number of up-and downregulated genes were estimated using two different normalization methods, namely spike-in and Quantile normalization as described in the methods. Table S3 ).
Virus genes-mRNA dynamic changes of 134 viral genes and timecourse of virus DNA genome and occlusion body (OB) production The clustering for all virus genes, using the hierarchical cluster algorithm in R with a Centroid method and Euclidean distances, grouped the 0 and 12 hpi datasets together, which were separated from the 24, and 48 hpi datasets (Fig. 7A) . As expected, the heatmap shows that gene expression trends are reversed for the virus when compared to those for the insect host ( Fig. 2A) , with the up-regulation of virus genes at the late infection phase. In Fig. 7A , there was a strong shift from a small number of genes expressed at 12 hpi to most genes expressed at 24 hpi. It was of interest to obtain more information on what likely occurred in the 12-24 hpi period, hence the previous microarray data, using the same Agilent expression microarray platform as mentioned before and a similar infection but sampled at 18 hpi, was combined into the core analysis of virus gene expression using the 0, 12, 24 and 48 hpi datasets. Interestingly, when analyzing expression at 0, 12, 18, 24, and 48 hpi together, the 12 hpi dataset was still clustered with the 0 hpi dataset, separate from the 18, 24 and 48 hpi datasets (Fig. 7B) . Thus the two heatmaps in Fig. 7A and B suggest that the 12 hpi dataset belongs to the early expression phase. K-means clustering, using Multiexperiment viewer tool (available at http://www.tm4.org/mev/, Saeed et al., 2006) with Pearson distance matrix and 5000 iterations grouped the 134 virus genes into different temporal expression patterns, in which 29 genes started increasing earlier than 12 hpi. After 12 hpi, 30 genes were markedly up-regulated from 12 to 18 hpi, 42 genes increased rapidly from 18 to 24 hpi, and the remaining 33 genes began to increase from 18 to 24 hpi and kept increasing strongly after 24 hpi (Fig. 7C) .
Using a quantitative PCR (qPCR) method for quantifying viral genomes at 0, 12, 18, 24, 48, 72 and 96 hpi, the intracellular virus DNA was detected from 12 hpi onwards, and the cell-specific vDNA Table 3 Selected DAVID functional clusters that were significantly up-regulated or down-regulated during the HearNPV-H. zea infection process. DAVID identifies functional groups that are significantly enriched compared to a randomly sampled list of the same size, from the same gene background (Huang da et al., 2009) . In this case, the background was a collection of all H. zea genes. The gene list for each time-point included all up-regulated genes that had a p-value of less than 0.05, (291, 305 and 188 genes at 12, 24 and 48 hpi). For the down-regulated genes, the gene lists were the lists of the top 3000 genes that were most down-regulated at a time-point (down-regulated from 1.9 to 12.4 fold for 12 hpi, 3.1 to 45.5 fold for 24 hpi, and 16.1 to 216.0 fold for 24 hpi). yield increased most rapidly from 18 to 24 hpi, continuing to increase until 48 hpi but at a reduced rate (Fig. 8) . Virus occlusion bodies (OBs) were detected from 24 hpi onwards, and the cellspecific OB yield increased rapidly until 48 hpi, followed by a leveling off to 96 hpi (Fig. 8) . The temporal dynamics of virus production is compared to that for mRNA expression from virus and insect genes (from the microarray data) in subsequent sections.
HearNPV virus-H. zea host interactions: immune responses
At 12 hpi, two viral anti-apoptosis genes (IAP-2 and IAP-3) were detected. These viral genes reduce apoptosis responses by the host cells. On the other hand at 12 hpi, key insect apoptosis inhibitor genes were down-regulated, (apoptosis inhibitor IAPs reduced by 3.3 fold, and apoptosis inhibitor 5 by 1.5 fold), while insect apoptosis inducer genes were up-regulated (apoptosis inducing factor 8 increased by 1.4 fold, Programmed cell death protein 2 by 1.5 fold), hence contributing to the host triggering of apoptosis (Table 3, Supplementary Table S1 ). In addition, DAVID analysis identified the down-regulation of the Notch signaling pathway, which is known to prevent cell cycle arrest (Johnston and Edgar, 1998; Wang et al., 2006) , and hence the down-regulation identified here can potentially be one of the mechanisms leading to cell cycle arrest seen in baculovirus infected insect cells (Table 3) . At this time-point, major downregulated genes involved in the Notch pathway included 5 Notch genes (p ¼0.02), 15 Epidermal Growth Factor (EGF) like genes (adjusted p-value 0.003), and 7 genes for Lin/Notch Repeat (LNR) domain containing proteins (p ¼ 0.0005), as shown in Table S1 .
The host immune responses and stress responses were strong at 12 hpi and were still enriched at 24 hpi, but not at 48 hpi (Table 3 and Supplementary Table S2 and S4). There was an increase in mRNA expression for antiviral peptides such as Cecropin-B (8.8 fold) and Tenascin (4.9 fold). The expression of Eyes absent protein (EYA), which is known to enhance innate immune responses against viruses (Okabe et al., 2009) , was also boosted by 5.3 times. Two detoxification enzymes, including seven isoforms of the glutathione S-transferase (1.5-4.5 fold at 12 hpi) and one liver carboxylesterase (involved in the detoxification of xenobiotics, 8.6 fold at 12 hpi and 2.1 fold at 24 hpi) were significantly increased (p ¼0.0005) (Supplementary Table S1).
HearNPV virus-H. zea host interactions: energy generation
Host energy metabolism was up-regulated at 12 hpi (Table 3) . These included enzymes involved in energy and biosynthesis such as NADH-ubiquinone oxidoreductase (2 isoforms, 1.5-2.5 fold) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 3.0 fold), and transporters important for energy generation such as ATPbinding cassette transporters (4.4 fold), monocarboxylate transporters (3 isoforms, 1.8-1.9 fold) and acetyl-coenzyme A transporter (2.4 fold), (Table 3, Supplementary Table S1 ). The increase in metabolic activity coincided with the increase of virus DNA replication, which started at 12-18 hpi and increased rapidly after 18 hpi (Fig. 8) . Interestingly, GAPDH remained strongly upregulated at 24 hpi (5.6 fold).
HearNPV virus-H. zea host interactions: virus replication and transcription
From qPCR, virus replication was observed at a low level as early as 12 hpi (752 7160 viral genomes/cell), and higher at 18 hpi (22,200 73040 viral genomes/cell), then peaked at 48 hpi (279,000 viral genomes/cell) (Fig. 8) . This was consistent to the increase in microarray signals at 12 hpi for all viral genes essential for DNA replication, including DNA polymerase, helicase, lef-3 (single stranded binding protein), ie-1, lef-1(primase), lef-11, me53, alk-exo (DNA binding and exo-endonuclease activities), and DBP (dna binding). Even though the virus has a complete set of genes required for DNA replication, this study found the host cell DNA polymerase II small subunit also up-regulated by 2.7 times at 12 hpi, and 1.9 times at 24 hpi. The total intracellular HearNPV DNA biomass yield at 24 hpi can be estimated from the total intracellular viral genome number of 131,000 viral genomes/ cell and the viral genome size of 131,403 bps (Chen et al., 2001 ). Interestingly, the total viral DNA biomass at 24 hpi was approximately 20 times higher than the total host DNA at a diploid stage, assuming a similar genome size for H. zea compared to the B. mori of 432 Mb (The International Silkworm Genome Consortium, 2008) (Fig. 8) .
Although HearNPV has all the genes needed for late transcription, several H. zea insect genes that facilitate transcriptional processes were up-regulated at the early infection phase. All 4 subunits of the viral RNA polymerase, namely the lef-4, lef-8, lef-9 and p47, were up-regulated at 12 hpi. In addition, 7 isoforms of insect DNA-directed RNA polymerase subunit beta were strongly up-regulated at 12 hpi by 1.4-3.7 times, and 2 isoforms remained high at 1.5-3.1 times at 24 hpi (Supplementary Table S1 ). Transcription of all virus genes was detected at 24 hpi, and total mRNA expression from the virus at this time point was higher than that from the insect host at 0 hpi (Fig. 1) . The significant reduction of host mRNA from 12 hpi was also observed for the AcMNPV-Sf21 system (Salem et al., 2011) .
HearNPV virus-H. zea host interactions: translation and protein processing
Baculoviruses have no known genes specifically to facilitate translation, thus relying entirely on the host translation mechanism. At 24 hpi, up-regulation of host genes that support the translation process included a peptide chain release factor (10.7 fold) and a translation elongation factor (1.4 fold) (Supplementary Table S1 ). An ATP phosphoribosyltransferase for Histidine biosynthesis increased by 5.2 fold. Also at 24 hpi, two isoforms of the heat shock protein 68 (HSP) were up-regulated by 4.5-8.2 fold, HSP 70A by 5.4 fold, and HSP70/HSP90 co-chaperone by 5.3 fold (Supplementary Table S1 ). Ankyrin activities, which participate in the intracellular trafficking and localization of proteins, were Fig. 8 . Production dynamics of intracellular and extracellular virus, and occlusion bodies in HearNPV-infected H. zea cell cultures. Intracellular and extracellular viral genomes were enumerated using qPCR. Occlusion bodies (OBs) were enumerated using a hemocytometer. Extracellular (budded) virus was produced significantly at 24 hpi, and budded out at large numbers from 48 hpi onwards. A high level of OB production was observed at 48 hpi.
enriched at 24 and 48 hpi (Table 3 , 6 isoforms, p¼ 0.01, increased by 2.0-3.6 times). E3 ubiquitin-protein ligases (mediate proteasomal degradation of targeted proteins) and enhancer of polycomb homolog 1 (trancriptional regulator that may link to apoptosis and DNA repair) were among the top 5 most up-regulated proteins at 24 and 48 hpi (by 36.8-118.7 fold) (Supplementary Table S2) .
HearNPV virus-H. zea host interactions: BV/ODV assembly and transport
For the HearNPV-H. zea system, the extracellular viral genomes, resulting from the release of budded viruses or occlusion bodies, could be detected from 24 hpi (5590 extracellular viral genomes/cell) and more at 48 hpi, (29,100 extracellular viral genomes/cell), (Fig. 8) . The virus 25K gene, which is important for sorting virus envelope proteins into the inner nuclear membrane, was expressed from 24 hpi onwards. Several cytoskeleton and intracellular transport host genes exhibited increased expression as early as 12 hpi (Kinesin-like protein up by 2.7 fold), or up at both 24 hpi and 48 hpi (Dynein by 12 fold, and Sorting Nexin-27 up by 1.5-5.4 fold). The WD-repeat containing proteins, which facilitate multi-protein complex assembly, were enriched at 48 hpi (4 genes, p ¼0.007), Table 3 . The level of polyhedrin mRNA peaked at 48 hpi as shown by the quantitative reverse transcription PCR (qRT-PCR) result (Fig. 9) , and OBs was also detected at a high level from this time-point (Fig. 8) .
Quantitative reverse transcription PCR (qRT-PCR) confirmation of genes identified from microarray analysis
qRT-PCR confirmation was carried out for 16 virus and insect genes, which were identified by microarray analysis as interesting candidates that are potentially important for virus production (Fig. 9, Table 4 ). The 28S gene was validated as an appropriate endogenous reference gene because its expression level remained stable throughout the course of infection, while genes like Actin and GAPDH changed under infection conditions ( Supplementary  Fig. S1 ). In addition, the genes for qRT-PCR confirmation were selected to ensure a good coverage of both virus and insect genes (either up-or down-regulated), and also of genes that were unexpectedly altered. The microarray and qRT-PCR experiments exhibited consistent results for all 11 host genes (Fig. 9, Table 4 ). Five selected virus genes were confirmed, including those for replication (Virus_IE1 and Virus_DNA Polymerase), and transcription (virus_RNA polymerase subunit lef-4), and OB production (virus_Polyhedrin and virus_Few Polyhedrin FP25K) (Fig. 9) . Six insect immune/stress response genes were confirmed to be significantly altered in expression, including five up-regulated genes (HSP70, Cecropin, Lethal essential for life (L2efl), NAD(P)HQuinone Oxidoreductase subunit (NQO), and reverse-transcriptase genes)), and one down-regulated gene (inhibitor of apoptosis (IAP)) (Fig. 9) . Similarly, a gene for energy generation was confirmed to be up-regulated, namely GAPDH.
Both the microarray and qRT-PCR data showed four insect genes that were consistently up-regulated at all time-points, namely Hsp70, two isoforms of NAD(P)H-Quinone Oxidoreductase subunits, and an endonuclease (Fig. 9, Table 4) . Interestingly, the Actin and GAPDH genes, which are commonly used as reference genes that have constant expression levels, were consistently shown to be altered in expression by microarray and qRT-PCR methods, the former being down-regulated and the latter being up-regulated. Agreement between microarray and qRT-PCR outcomes was also evident for two additional insect genes (eukaryotic translation factor, eIF4E-2 and RNA polymerase), which did not follow the global gene shut-off trend, but instead were maintained at a high level during the period of peak virus transcription and translation (Fig. 9, Table 4 ).
Discussion
Previously, no large scale expression study has been conducted for infected H. zea cells, mainly due to the unavailability of the genomic sequence for this insect. The microarray platform employed in this study was built based on the results from deep transcriptome sequencing of H. zea cells (Nguyen et al., 2012) , hence it should be comprehensive, species-specific and accurate. The accuracy of the microarray was confirmed by qRT-PCR for a wide range of genes, including virus genes at early (IE-1), delay early (Lef-4 and DNA polymerase), and late infection (FP25K and Polyhedrin) phases. The insect genes used in the qRT-PCR validation test included some that were up-regulated (L2efl, Cecropin, Hsp70, endonuclease, NQO, Reverse-transcriptase and GAPDH) or down-regulated (IAP), as well as those exhibiting relative stability in the current system (eIF4E-2 and RNA polymerase), and those that are not stable in the current system but are commonly stable in other systems (Actin and GAPDH). The down-regulation of Actin in H. zea cells infected by HearNPV was found by microarray, and was confirmed by qRT-PCR. A similar change was also observed in the Sf21-AcMNPV system by Ooi and Miller (1988) . This suggests the reliability of the microarray detection, even for genes that change in an unexpected way.
Furthermore, the commonly-used global Quantile normalization method for microarray data, which assumes a constant level of total RNA between samples, was found to be inadequate, while normalization based on external spike-in controls (Hannah et al., 2008) , produced more biologically-consistent results for the baculovirus-insect cell production system. Global changes in total RNA are common (van de Peppel et al., 2003; Hannah et al., 2008) , but are often not taken into account in microarray analysis. This study showed that the total mRNA level of insect genes was reduced as early as 12 hpi and the reduction was most apparent at 48 hpi. Consequently, Quantile normalization leads to the overestimation of up-regulated genes as indicated by the relatively large increase in the number of up-regulated genes when the infection proceeded. Therefore, the spike-in normalization was used.
In addition, the reproducibility of the microarray platform was evaluated by examining two separate microarray experiments, which applied two different Agilent microarray formats, namely 4 Â 180K and 8 Â 60K (Fig. 2B) . The un-normalized data from four samples (2 uninfected and 2 taken at 18 hpi post-infection) in the 4 Â 180K arrays fitted well to the 8 samples from the 8 Â 60K arrays (infected samples taken at 12, 24 and 48 hpi). However, to ensure a stringent level of analysis, the 18 hpi data was only used in two analyses for comparing to the core datasets. The first analysis was for the number of genes being regulated (Fig. 4) . In this analysis, the 18 hpi data provided evidence for the similar number of unchanged genes between 12 hpi and 18 hpi, which was then rapidly reduced at 24 hpi. The second analysis that involved the use of the 18 hpi data was for investigating dynamic changes in virus gene expression, which showed a robust switch between 12 hpi and 24 hpi; hence data for a time-point between 12 hpi and 24 hpi is useful (Fig. 7) .
To the best of our knowledge, this study provides the most comprehensive expression analysis of H. zea cells after a baculovirus infection (in particular during early to late infection phases), and is the first to investigate the global gene expression characteristics of a group II alphabaculovirus (HearNPV).
Previously, gene expression kinetics have been determined for two model group I alphabaculoviruses (AcMNPV and BmNPV) in their insect host cells (Jiang et al., 2006; Salem et al., 2011; Xue et al., 2012) . Group I NPVs are expected to exhibit faster infection kinetics than group II NPVs, on account of the superior fusogenicity of the Group I-specific envelope fusion protein GP64, when compared to the Group II F protein (Wang et al., 2010; Pedrini et al., 2011) . The temporal expression profiles of the entire HearNPV gene-set have been determined in this study. Although one limitation of this study is that samples were not taken before 12 hpi, the qRT-PCR analysis confirmed that mRNA for HearNPV late genes such as the viral RNA polymerase subunit, Lef-4, the viral DNA polymerase, and the viral FP25K genes were not detected at 12 hpi, but only appeared from 18 hpi, later than that for the BmNPV or AcMNPV systems, which show expression of these genes as early as 6 hpi (Xue et al., 2012) , or 4.5 hpi (Jiang et al., 2006) , respectively. Similarly the Polyhedrin gene was only detected from 24 hpi for HearNPV, while it was expressed from 6 hpi in BmNPV (Xue et al., 2012) , and 18 hpi in AcMNPV (Jiang et al., 2006) . The starting times for expression of the five HearNPV genes mentioned above were consistent in both microarray and Fig. 9 . qRT-PCR validation of 16 selected genes. Five virus genes important for OB formation (Virus_Polyhedrin and FP-25K), replication (Virus_IE1 and Virus_DNA Polymerase) and transcription (Lef-4, an RNA_polymerase). For insect genes, six insect immune/stress response genes (HSP70, Cecropin, Lethal essential for life or L2efl, IAP, NADPH ubiquinone oxidoreductases, and Reverse-transcriptase), one energy generation gene (GAPDH), three genes for transcription, translation and nucleotide metabolism (endonuclease, eukaryotic translation factor 4 or eIF-4, and RNA polymerase) and a gene for cytoskeleton-dependent movement of nucleocapsids (Actin).
qRT-PCR experiments (Fig. 9) . In addition, qPCR analysis of viral genome number shows that HearNPV virions did not appear until after 12 hpi (Fig. 8) , while AcMNPV virions have been reported to increase from 6 hpi (Rosinski et al., 2002) .
HearNPV-H. zea interactions were investigated at the transcriptional level, across a range of viral infection processes including those for transcription, replication, translation, protein processing, energy generation and transport. In addition, mRNA expression over time was investigated in relation to the increase in intracellular and extracellular viral genome copy numbers. Previous studies by Iwanaga et al. (2007) and Van Oers et al. (2003) , for BmNPV and AcMNPV suggested that infection events in the host cell were strongly related to the regulation of mRNA expression levels. Therefore, this study presented a comprehensive analysis of host-virus expressional changes of over 24,000 host genes.
Although viruses contain all essential genes needed for viral replication and late transcription, this study found that several host factors that may facilitate these viral replication and transcription events were either up-regulated or not being repressed by the global shut-off trend. For replication, the DNA polymerase II small subunit was up-regulated. For transcription, genes that are likely important for RNA polymerase activities such as those with domains similar to DNA-directed RNA polymerase subunit beta, DNA-directed RNA polymerase III subunit RPC1, DNA-directed RNA polymerases I, II and III subunit RPABC4, and Mediator of RNA polymerase II transcription subunit 4 were also up-regulated. Interestingly, reverse-transcriptase activities were found consistently up-regulated at all time-points, indicating the role of retrotransposon DNA, which can contribute to virus genome instability (Menzel and Rohrmann, 2008; Breitenbach et al., 2011) . The HearNPV genome does not encode any known genes for conducting translation processes, hence it relies on the host translation machinery for the synthesis of viral proteins. This study showed that certain translation elongation and termination factors were up-regulated (possibly in favor of virus mRNA translation). The expression of several important genes for intracellular trafficking (e.g. Ankyrin genes and Dynein) went up in the HearNPV-H. zea system. The up-regulation of Dynein was also observed in the BmNPV-B. mori system (Sagisaka et al., 2010; Xue et al., 2012 ). In addition, the genes for protein folding, including a number of heat shock proteins, were consistently found to be up-regulated in this study, and in previous studies on the AcMNPV-S. frugiperda system (Lyupina et al., 2011; Salem et al., 2011) . Together, changes in host gene expression suggest that the HearNPV virus evolved to interact with its host so as to maintain the expression of key genes important for viral protein production, processing and transport.
The HearNPV genome also does not encode any known genes for energy metabolism. Nevertheless, the baculovirus is very successful in harnessing its host's metabolic machinery for its own propagation (Maynard et al., 2010; Monteiro et al., 2012) . In this study, certain proteins important for catabolic activity were up-regulated, including ABC transporters, sugar transporters, GAPDH, and NADPH oxidoreductase. These proteins were also found to be up-regulated in the BmNPV-B. mori and AcMNPV-S. frugiperda systems (Bao et al., 2008; Sagisaka et al., 2010; Choi et al., 2012) . Other studies showed that central carbon metabolism was enhanced during an AcMNPV infection (Bernal et al., 2009; Carinhas et al., 2011) , and that ATP synthase was up-regulated at 12 hpi during BmNPV infections (Bao et al., 2008) . In addition, iron metabolism, which is important for ATP generation and DNA synthesis, was also up-regulated in various virus-host systems (Drakesmith and Prentice, 2008) , including the BmNPV-B. mori system (Xue et al., 2012) .
The up-regulation of the immune response gene Cecropin was also observed in studies involving the AcMNPV-S. frugiperda and other DNA virus-insect systems, further confirming the importance of Cecropin as a host defence gene against baculovirus infections (Choi et al., 2012) . Interestingly, both Choi et al. (2012) and Nguyen et al. (2012) reported the suppression of several key insect immune pathways upon baculovirus infection, such as the TOLL pathway, which was confirmed in this study. In addition, the Notch signaling pathway, which plays an important role in immune systems (Radtke et al., 2010) , was down-regulated after HearNPV infection. The suppression of the Notch pathway leads to abandonment of cell cycle progress and contributes to apoptosis (Johnston and Edgar, 1998; Wang et al., 2006; Rao et al., 2009) . Regarding apoptosis, three viral anti-apoptosis genes (IAP2, IAP3, and p49) were up-regulated at the early infection phase. On the other hand, host cells triggered apoptosis by down-regulating apoptosis inhibitor genes and up-regulating insect apoptosis inducer genes. Notably, HearNPV does not possess a strong antiapoptotic gene, p35, which acts downstream of the apoptosis pathway by inhibiting a wide range of Caspases. In addition, the anti-apoptosis role of the HearNPV IAP2 gene still remains elusive (Liang et al., 2012) . For baculovirus infections in permissive insect cell-lines, the virus eventually gains dominance via strong control over the host immune pathways. However, virus infections in nonpermissive cell-lines are shown to result in apoptosis and global translation arrest, leading to abortive infections (Ikeda et al., 2013) . Therefore, the induction of apoptosis at the early infection phase is one major source of conflict between the virus and host cell.
Conclusions
This study represents the first genome-scale study of the interactions between a group II alphabaculovirus (HearNPV) and its permissive insect host (H. zea). The use of a species-specific microarray, based on sequences obtained from RNA-sequencing, provided a comprehensive means of elucidating the genome-scale expression kinetics of both host and virus genes at different infection stages, and their effect on the formation of progeny virions and OBs. This study provided insights on the systemic process of virus production in infected cells. 
Methods
Virus strain, cell culture, virus infection and OB assay
The Australian wild-type field isolate H. armigera nucleopolyhedrovirus (HearNPV, Family Baculoviridae, Strain H25EA1 isolated by CSIRO Entomology, Canberra, Australia) was used for infections. The H. zea cell line, designated as BCIRL-HZ-AM1, was isolated from pupal ovarian tissue by Mcintosh and Ignoffo (1983) . The cell culture and virus infection methodologies have been described in detail previously (Nguyen et al., 2011) . To set up the Passage 1 (P1) virus stock, 5 Â 10 9 caterpillar-derived OBs were extracted with alkaline saline, and the liberated occlusion-derived virus (ODV) was used to infect a total culture volume of 100 ml containing H. zea cells at 5 Â 10 5 cells/ml. At 4 dpi, the P1 virus was harvested as a whole culture (containing BV), and was used to set up the P2 virus stock (30% v/v virus inoculum, 1 Â 10 6 cells/ml). At 3 dpi, the P2 virus was harvested as a supernatant virus stock (containing BV), by centrifuging the infected culture at 1000g for 10 min. Experimental infections were carried out at P3 in triplicate cultures, using 30% v/v P2 virus stock and an infection cell density of 5 Â 10 5 cells/ml, resulting in a multiplicity of infection of 17 plaque forming units/cell (to ensure synchronous infections). The OB yield was estimated at 0, 12, 18, 24, 48, 72, 96 and 168 hpi. A 0.5 ml sample was taken from each replicate culture, and digested with 0.5 ml of 1% SDS (30 min at room temperature) to liberate the OBs. The volumetric OB yield (OB/ml) was enumerated using a hemocytometer and a phase-contrast microscope (Pedrini et al., 2011) . The specific OB yield (OB/cell) was calculated by dividing the volumetric OB yield by the peak cell density of the infected culture. Cell densities were enumerated using a coulter counter (Multisizer™ 4, Beckman Coulter, Brea, CA).
Quantitative real time PCR (qPCR) for absolute quantification of viral genome numbers and relative levels of expression
The number of viral genomes was estimated by absolute quantitation using qPCR Taqman assays. The DNA standard for absolute quantitation was HearNPV viral DNA, which was purified from P2 BV supernatant harvested at 3 dpi. The BV was pelleted by ultracentrifugation at 100,000g for 60 min at 4 1C, then the BV DNA was extracted using the Qiagen DNA Midi Kit 20G (Qiagen, Venlo, Netherlands). The viral DNA concentration was measured using the Quan-iT high sensitivity DNA assay kit (Life Technologies, Carlsbad, CA). Each standard curve consisted of 6 samples, which were serial dilutions of the DNA standard, with a final concentration range of 3 Â 10 −1 -3 Â 10 −6 ng vDNA/μl. The standard curve corresponded to 22-2.2 Â 10 6 vDNA copies/μl, assuming a molecular weight of 1.348 Â 10 -7 ng/genome of 131,403 nucleotides for HearNPV (Chen et al., 2001) . Infected culture samples were taken as cell pellet or supernatant fractions, at 0, 12, 18, 24, 48, 72 and 96 hpi. The total cell density at each time-point was estimated using the Multisizer™ 4 coulter counter. The cell pellet and supernatant fractions were obtained by centrifuging 1 ml of infected culture (1000g, 10 min). The cell pellet fraction was then digested for 15 h in 1.0 ml digestion buffer (100 mM NaCl, 100 mM NaCl, 10 mM Tris-HCl at pH 8.0, 25 mM EDTA at pH 8.0, 0.5% sodium dodecyl sulfate and 0.1 mg/ml Proteinase K) at 55 1C. Each digested sample was serially diluted to 10 −3 and 10 −4 with waterfor-injection, and used as two technical replicates for qPCR measurements. The supernatant fraction was similarly digested prior to analysis. The primers and probe for the HearNPV DNA polymerase gene and the cycle conditions were described previously (Pedrini et al., 2011) . The qPCR analysis was performed using the epMotion 5075 Robotics System (Eppendorf, Hamburg, Germany) and the ABI PRISM s 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA). The specific viral genome content (viral genomes/cell) was calculated by dividing the volumetric content (viral genomes/ml) of the cell pellet (intracellular) or supernatant (extracellular) fraction, with the pellet cell number or the infected PCD (dilution corrected) respectively. Quantitative Reverse Transcription PCR (qRT-PCR) for relative quantification of mRNA levels was described previously (Nguyen et al., 2012) . Primer sequences for qRT-PCR are listed in the Supplementary Table S5 .
Microarray procedure and data analysis
In this study, a 8 Â 60,000 SurePrint Agilent expression slide (Agilent, Santa Clara, CA) was used to analyze 8 samples (4 samples with 1 biological replicate each) from the HearNPV-H. zea infection experiment described above. The samples were collected at the 0, 12, 24 and 48 hpi time-points. A similar infection experiment yielded samples at the 18 hpi time-point, and uninfected samples (culture seeded at 5 Â 10 5 cells/ml) taken at 18 h post-inoculation, which were analyzed on a different occasion using a 4 Â 180,000 slide (2 samples with 1 biological replicate each), from which preliminary data were collated and published (Nguyen et al., 2012) . The data from the two microarrays were combined in some cases as described in the results section, representing 5 infected time-points and 1 uninfected time-point (with biological duplicates). Inter-array variation was addressed by normalization using the spike-in positive controls (Hannah et al., 2008) . The microarray data has been deposited into the NCBI Gene Expression Omnibus database (GEO accession number: GSE34418 and GSE44184) according to MIAME guidelines. The microarray probes included those for 27,400H. zea sequences that were validated previously (Nguyen et al., 2012) , and 134 HearNPV genes (Accession: NC_002654). The microarray procedure was carried out by the Ramaciotti Centre for Gene Function Analysis (Sydney, NSW, Australia). Normalization was performed using the spike-in positive controls as follows, which is based on a previously-described method (Hannah et al., 2008) . The spike-in mixture contains 10 polyadenylated transcripts derived from the Adenovirus E1A genes using the Agilent one-color microarray RNA spike-in kit (Agilent). The 10 probes for these transcripts were selected by the manufacturer so that the probes are not complementary to biological sequences found in the microarray database, thus having a low probability of crosshybridizing to the H. zea insect sequences. These probes were spotted into 350 spots, i.e. 35 technical replicates per probe, randomly allocated on the array. The synthesized E1A RNA targets were diluted at 10 fixed concentrations, which spanned a wide range of signal intensities (6 orders of magnitude, from 0.04 ng/μl to 40,000 ng/μl, equivalent to spike-in RNA/ total RNA mass ratios of 1:12.5 Â 10 9 -1:12.5 Â 10 3 ) and added into 100 ng of total RNA for each infected H. zea cell samples. The mixture of the synthesized spike-in RNA and the biological RNA were used for preparing Cyanine-3 labeled cRNA following the manufacturer's instructions for the One-color low RNA input quick Amp labeling kit (Agilent). The cRNA product was purified by an RNAeasy column (QIAGEN, Valencia, CA) and assessed by an Agilent 2100 Bioanalyzer (Agilent). The purified product was used for hybridization and washing by the in situ Hybridization Plus kit (Agilent) following the manufacturer's instructions. Arrays were scanned on an Agilent scanner with scan resolution at 3 μm. Data were extracted from images using Agilent Feature Extraction Software (Version 10.7.3.1). Background-subtracted data included 62,976 measurements, which were then filtered to 54,514 by removing probes with signals that were not well-above the background. Because the spike-in RNA controls and biological RNA went through the same cRNA synthesis, hybridization and scanning procedure as described above, a regression model that describes the relationship between the measured signals of spike-in controls to the known starting RNA concentration could be used to normalize signals of biological RNA to the initial RNA concentration. For each array, the signals (log 10 values) from the spike-in controls were plotted against their expected relative concentrations to derive a linear regression model, which was used to normalize the signals of all other genes in the same array. The analysis of normalized microarray data for differentially expressed genes using linear models was described previously (Smyth, 2004; Nguyen et al., 2012) . Functional annotation clustering using DAVID analysis version 6.7 identified functionally-related genes, each group being assigned with enrichment scores and significant values based on a Fisher's exact test and a Benjamini adjustment to control family-wise false discovery rates (http:// david.abcc.ncifcrf.gov/, Huang da et al., 2009). The annotated groups were classified using the high stringency option.
